Introduction
The normal range of carbon dioxide tension is 35-45 mmHg. However, there are various times, however, when, as anesthesiologists, we accept or clinically tolerate hypocapnia (PaCO 2 < 35 mmHg) or hypercapnia (PaCO 2 > 45 mmHg). Intraoperatively, in neurosurgical cases when increased intracranial pressure is expected, hypocapnia is generally achieved by hyperventilation, which appears to be well tolerated. In addition, in spontaneously breathing patients or patients undergoing laparoscopic surgery, mild intraoperative hypercapnia is a well tolerated, but unintentional, byproduct. Therefore, it is valid to ask whether there is an optimum carbon dioxide pressure that should be maintained intraoperatively, or whether carbon dioxide pressures outside the normal range provide better perfusion or any other benefits to organ systems. This mini review aims to present the physiological effects of a wide range of clinical carbon dioxide concentrations. Additionally, the potential benefits and consequences of mild-to-moderate hypercapnia in different clinical environments will be discussed.
Carbon dioxide, cardiac output, tissue perfusion, and oxygenation
Peripheral tissue perfusion and oxygenation depend on various factors, including inspired oxygen concentration, arterial oxygen tension [1], hemoglobin concentration [2] , cardiac output [3] , local perfusion [4, 5] , and the autonomic stress response to pain [6, 7 • ]. Different concentrations of carbon dioxide are known to alter some of these parameters and may contribute to tissue perfusion and oxygenation. Increasing arterial carbon dioxide tension (PaCO 2 ) by about 10 mmHg increases the cardiac index by about 10-15% [8, 9] . Hypercapnia causes a rightward shift of the oxyhemoglobin dissociation curve, decreases systemic vascular resistance, and, overall, increases oxygen availability to tissue [9] . Thus, changes in carbon dioxide concentration alter tissue oxygenation as confirmed previously by our group [8, 10] (Fig. 1 ).
Increasing PaCO 2 also increases cardiac output [8, 9, 11 ], which appears to be directly related to both hypercapnic acidosis per se and to hypercapnia-induced sympathetic activation and release of catecholamines [12] . In the awake individual hypercapnia triggers sympathetic activation with mild tachycardia; but in anesthetized patients it causes only mild bradycardia ([CO 2 ] > 10%), which does not generally alter blood pressure [12] . According to the systemic vascular resistance formula, under normal hydration status, if hypercapnia increases cardiac output (CO) but does not change mean arterial pressure, then systemic vascular resistance has to decrease to maintain the equilibrium.
Increasing carbon dioxide concentration both stimulates and depresses the cardiovascular system [8, 11, 13, 14] . Potentially, the most significant effect is myocardial depression, which is associated with an increased output [15] . Cardiac output increases gradually by about 30-35% within the PaCO 2 range 20-60 mmHg [8, 16] . Most myocardial depression occurs at CO 2 concentrations greater than 10-15% (i.e., PaCO 2 > 75 mmHg) [11, 14] . Myocardial contractility does not appear to be affected up to a PaCO 2 of 75 mmHg [14] . Hypercapnia directly depresses the myocardium [17, 18] . Hypercapnia, however, also stimulates the myocardium indirectly through the sympathetic nervous system activation [18, 19] . In the early 1970s, Blackburn et al. [18, 20] showed that CO 2 had inotropic effects through β-adrenergic receptors in dogs and human patients. They concluded that the main effect of hypercapnia on the heart was β-adrenergic receptormediated inotropy, which has a threshold of between 70 and 100 mmHg PCO 2 (Table 1) .
Carbon dioxide and cerebral perfusion and oxygenation
The cerebral circulation is well innervated by sympathetic, parasympathetic, and sensory nerves. Sympathetic stimulation causes constriction of the cortical conducting arteries; however, this does not appear to produce any changes in cerebral blood flow (CBF) because downstream vessels dilate, possibly as a compensation for the upstream constriction. The parasympathetic innervation is less well studied, although it has been demonstrated that stimulation of the sphenopalatine ganglion increases CBF. Overall, the autonomic nervous system may help to determine the set point for homeostatic mechanisms [21 •• ] . Normally, there is a relatively constant perfusion of brain tissue at perfusion pressures of between 50 and 150 mmHg. This autoregulatory response may rapidly shift to the left and the right, depending on each patient's physiology.
Carbon dioxide is a very potent modulator of CBF. There is a 3-to-5% alteration in CBF for every mmHg change in PaCO 2 . Hypercapnia causes cerebral vessels to vasodilate, while hypocapnia causes them to constrict. The graph of the relationship between carbon dioxide Due to the skull's bony structure, the cranial cavity is a fixed space, and when the volume of its contents increases, regardless of cause (hematoma, edema, inflammation, or mass), intracranial pressure rises. Increased intracranial pressure may result in impaired cerebral perfusion and brain-stem herniation. To reduce intracranial pressure, the volume of the cranial contents must be reduced. Hypocapnic alkalosis decreases the cerebral blood volume owing to its potent cerebral vasoconstriction effect and, thereby, lowers intracranial pressure.
The beneficial effects of hypocapnia on intracranial pressure may be outweighed, however, by the reduced oxygen supply [23] . There are signs that hypocapnia increases cerebral oxygen demand by increasing neuronal excitability and seizure activity [24] . Additionally, hypocapnia during cardiopulmonary resuscitation (CPR) may exacerbate brain injury [25] . During prolonged hypocapnia, there is a decrease in extracellular fluid bicarbonate concentration, which results in the gradual return of extracellular fluid pH toward normal. In brain tissue, this normalization of local pH also normalizes cerebral blood flow. Therefore, prolonged hypocapnia eventually causes tolerance and might even cause a rebound effect in intracranial pressure and lead to neuronal ischemia [26] .
It is well known that cerebrovascular responses are mediated by nitric oxide (NO) related mechanisms; however, there is also evidence that the effects of hypercapnia are mediated through adenosine triphosphate (ATP)-sensitive potassium (K ATP ) channels [27] . Because the response to CO 2 is a continuum, as recently shown by Wei and Kontos [28] , so hypercapnic acidosis triggers K ATP channel opening and hypocapnic alkalosis triggers channel closing.
CBF is preserved better during hypercapnia than during normocapnia or hypocapnia. Hypercapnia causes greater oxygen delivery, which in turn promotes cerebral glucose utilization and oxidative metabolism for optimal maintenance of tissue high-energy phosphate reserves [29] . Increasing carbon dioxide partial pressure increases oxygenation in the tissues, including brain [8, 30, 31] , and doubles CBF without causing a major change in cerebral metabolism [32] . Most of the effects of carbon dioxide on cerebroarterial blood flow are maintained by regulating extracellular fluid pH [33] . Hypercapnia exhausts the cerebral vasodilator response to changes in perfusion pressure and reduces autoregulatory capacity. In contrast, hypocapnia increases cerebral vascular tone and results in improved cerebral autoregulation.
Carbon dioxide and cerebrovascular reactivity under general anesthesia: inhalation anesthetics
Inhalation anesthetics generally increase CBF in a dosedependent manner. At the same time, they progressively depress cerebral metabolism. The increase in CBF is generally more pronounced when nitrous oxide is used as an adjunct. The anesthetic-induced vasodilation might involve nitric oxide, ATP-dependent potassium channel related pathways, or both.
Isoflurane increases CBF in a dose-dependent fashion. The increase in subcortical CBF is reported to be greater than in neocortical. Cerebrovascular reactivity to carbon dioxide is maintained during general anesthesia with isoflurane, although the CBF response to carbon dioxide is greater during isoflurane anesthesia than in the awake state.The effects of sevoflurane and desflurane on CBF are similar to those of isoflurane. Generally, Figure 2 CBF as a function of arterial blood-gas carbon dioxide partial pressure (PaCO 2 ).
The CBF-PaCO 2 relationship appears to be sinusoidal (reproduced from [22] ).
however, autoregulation is abolished as the concentration of anesthesia increases. Cerebrovascular autoregulation is adequately maintained up to 1-1.5 minimum alveolar concentration (MAC), but it is progressively impaired by higher concentrations. Although none of the studies compared all inhalation anesthetics at the same time, within the inhalation anesthetics, sevoflurane appears to increase CBF slightly more than the others and isoflurane appears to preserve the response to carbon dioxide tension changes best [ 
Intravenous anesthetics
Intravenous anesthetics reduce CBF in a dose-dependent fashion that is coupled to a reduction in metabolism. Once maximal suppression of metabolism occurs, there is also no further reduction in CBF [21
Barbiturates produce about a 50% reduction in CBF and metabolism. Cerebrovascular reactivity to carbon dioxide is mostly maintained in patients given barbiturates, but the response is smaller than in the awake individual. Propofol also produces a coupled dose-dependent reduction in CBF and metabolism. If exceedingly large doses are given, however, the drug's intrinsic vasodilator effect may overcome the coupling so that CBF increases. As with barbiturates, cerebral autoregulation and the response to carbon dioxide are maintained with propofol; however, in patients with head injury propofol use might change either or both of these. Additionally, the effect of hypocapnia in decreasing CBF may be blunted in patients receiving propofol infusion maintenance anesthesia. Ketamine appears to preserve CBF, but blunts the responses to carbon dioxide. Lastly, opioids at analgesic doses do not produce any significant effect on CBF or on the response to carbon dioxide [43 •• ,44-47] (Table 3) .
Effects of carbon dioxide on respiratory and cardiovascular systems
In animal trials, hypocapnia and hypocapnic alkalosis were shown to aggravate lung injury. In an isolated buffer-perfused rabbit lung, Laffey et al. [48] showed that hypocapnic alkalosis damaged previously uninjured lung tissue. Prolonged ventilation with hypocapnia, which was maintained with lower inspiratory carbon dioxide concentrations not by altering ventilation (pH~7.9, PCO 2~1 2 mmHg), increased pulmonary artery pressure, airway pressure, and wet-lung weight.
High tidal volume ventilatory techniques cause a stretch-induced acute lung injury called ventilator-associated lung injury (VALI). Reducing lung stretch means reducing volumes or pressures applied to the lungs. Unless respiratory rate is altered, smaller tidal volumes often lead to an elevation of PaCO 2 , which eventually leads to permissive hypercapnia. Smaller tidal volumes, in addition to elevating PaCO 2 , prevent damage from VALI. Permissive hypercapnia is associated with improved outcome [49, 50] . Elevated concentrations of carbon dioxide might have important additive or even synergistic benefits independent of lung stretch [51, 52] .
Shibata et al. [53] used ischemia-reperfusion and freeradical injury models in isolated buffer-perfused rabbit lungs to demonstrate that hypercapnic acidosis prevented an increase in capillary permeability after both types of lung injury and had no adverse microvascular effects on the uninjured lung. The mechanism of such protection appeared to be xanthine oxidase inhibition by hypercapnic acidosis. These same investigators found Table 3 Carbon dioxide and cerebrovascular reactivity with intravenous anesthetics
Intravenous anesthetics reduce CBF in a dose-dependent fashion that is coupled to the reduction in metabolism Cerebrovascular reactivity to CO 2 is maintained with barbiturates and propofol Large doses of propofol may cause vasodilation, which may overcome the response to CO 2 Hypocapnia's ability to decrease CBF may be blunted during propofol infusion Ketamine appears to preserve CBF, but blunts the response to CO 2 Thiopental appears to be the best choice of intravenous anesthesia if the cerebrovascular reactivity to CO 2 is needed intraoperatively Table 2 Carbon dioxide and cerebrovascular reactivity with inhalation anesthetics
Inhalation anesthetics generally increase CBF in a dose-dependent manner Cerebrovascular autoregulation, including the response to CO 2 , is maintained up to 1-1.5 MAC Sevoflurane appears to increase CBF slightly more than other inhalation anesthetics Of the inhalation anesthetics, isoflurane best preserves the response to CO 2 Nitrous oxide increases both CBF and metabolism, but preserves the response to CO 2 that animals with hypercapnia (PaCO 2~1 00 mmHg, pH 7.10) had attenuated protein leakage, reduced pulmonary edema, improved oxygenation, and reduced lung-tissue nitrotyrosine during ischemia-reperfusion lung injury in an in-vivo rabbit model [54] . All of these findings support the hypothesis that hypercapnic acidosis preserves lung mechanics, attenuates pulmonary inflammation, and reduces free radical injury in the ischemia-reperfusion setting.
In the light of the animal studies presented above, one may suggest that, compared with hypocapnia, hypercapnia may protect lungs during ventilated and well perfused conditions as well as during non-ventilated and poorly perfused conditions. Such conditions might be experienced during on-pump cardiothoracic surgery, global ischemia/reperfusion injury requiring hemodynamic resuscitation, or even routine general anesthesia for upper abdominal procedures. In addition, hypercapnia potentiates the benefits of hypoxic pulmonary vasoconstriction and provides better oxygen availability in anesthetized dogs [55] .
Hypocapnia alters myocardial oxygenation and cardiac rhythm. Acute hypocapnia decreases myocardial oxygen delivery while increasing oxygen demand, which is increased because of the greater myocardial contractility [56] and systemic vascular resistance [57] . Thus, hypocapnia may contribute to clinically relevant acute coronary syndromes. Nomura et al. [58] tested whether hypercapnic acidosis would provide improved recovery of the stunned myocardium. They showed that the hypercapnic acidotic group had the best indices of contractility, coronary blood flow, and myocardial oxygen consumption [58] .
In a recent study in postoperative cardiac surgery patients, increasing carbon dioxide pressure increased the cardiac index, as well as the mixed venous oxygen saturation [59] . This global oxygenation improvement compliments the previously mentioned tissue oxygenation effects. Hypercapnia also causes a complex interaction of altered cardiac output, hypoxic pulmonary vasoconstriction, and intrapulmonary shunt, with the result being a net increase in PaO 2 at a given inspired oxygen concentration [60] .
Hyperventilation during cardiopulmonary resuscitation
Although hyperventilation does not always cause hypocapnia and CPR is not necessarily a topic that needs to be covered in this article, a short review of these topics is presented because of their importance. Current American Heart Association Guidelines for CPR and emergency cardiovascular care recommend a respiration rate of 12-15 breaths/min during CPR [61] . Unfortunately, professional rescuers consistently hyperventilate patients during CPR [62 •• ], and excessive ventilation rates are associated with decreased survival rates in animals [62 •• ]. Even animals that received supplemental carbon dioxide to maintain normocapnia during hyperventilation had survival outcomes similar to those that were hyperventilated but allowed to develop hypocapnia. Hyperventilation elevated intrathoracic pressures, which decreased overall venous return to the heart, and resulted in decreased coronary perfusion pressures during CPR. Therefore, CPR providers need to be educated about the life-threatening outcomes of hyperventilation during CPR [22, 63 • ]. The author has been informed that the American Heart Association is considering upgrading their recommendations to address this important issue (Table 4) .
Conclusions
There are various potential advantages of managing carbon dioxide tensions intraoperatively. Most of these potential applications are summarized in this review. Overall, the benefits of managing carbon dioxide concentration intraoperatively for the maintenance of cardiac output and tissue oxygenation and perfusion, as well as for the maintenance of intracranial pressure and cerebrovascular reactivity, are well defined. It is advantageous to anesthesiologists to be familiar with the physiological effects of carbon dioxide and manage it according to their patient's situation.
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